Summary -The influence of lactic and acetic acid concentration on specifie growth rate (Il) of Listeria strains in tryptic soy broth (TSB) was investigated. For each strain and acid, minimal and maximal inhibitory concentrations (MIC min and MIC max corresponding respectively to Il = Ilmaxand Il = 0) were determined. In the range of MIC min and MIC max ; and for ail the Listeria strains tested, Il decreased with increaslnq lactic and acetic acid concentrations in the TSB medium, although it was little affected in buffered (0.15 molli phosphate) TSB. For acid concentrations exceeding the MIC max by 0.05% (w/v), viable counts of Listeria strains remained nearly constant in unbuffered TSB at = 10 7 cfu/ml for 24 h. Mesenterocin 5 produced during overnight culture of Leuconostoc mesenteroides UL5 in MRS medium at 30°C was used in an inhibition test. Unconcentrated ultrafiltereddiafiltered mesenterocin 5 supernatant (0.1 ml) was added to 9.9 ml of TSB and 0.4 ml of 6 separate Listeria suspensions. Mesenterocin 5 exhibited, for the first 2 h at pH 7.0 and 30°C, a bacteriostatic effect on one strain and a bactericidal effect on 5 strains, ie, initial viable counts of 10 7 cfu/ml decreased by 1.0 to 3.0 log. The total biomass measured by optical density (00) then remained constant for a period of 3 to 16 h before it eventually increased. After this extended lag-phase, mesenterocin 5 concentration (1 x C to 8 x C) affected the specifie growth rate of most Listeria strains to a much lesser extent in contrast to the influence of organic acid concentration. 
INTRODUCTION
One of the major problems in the food industry, particularly in dairy products, is the occasional presence of pathogens such as Listeria monocytogenes, which has been associated with food-borne disease outbreaks (Farber and Peterkin, 1991) . lt has been reported that L monocytogenes can survive at high temperature, low pH or throughout processing of some products, and in some cases may cause postpasteurization contamination (Doyle et al, 1985 (Doyle et al, , 1987 Parish and Higgins, 1989; Grau and Vanderlinde, 1990) . For instance, L monocytogenes was found to survive for > 400 d in aged Cheddar cheese (Ryser and Marth, 1987) . Some environmental and processing conditions, such as pH, temperature, oxygen level, carbon dioxide, sodium chloride and nitrite may influence the growth or survival of L monocytogenes in foods (Doyle, 1988; Sorelis et al, 1989) . Lactic acid bacteria (LAB) generally preserve foods because their growth-associated formation of organic acids and the resulting decrease in pH exert an inhibitory effect on microbial contaminants (Daeschel, 1989) . A high acidity is, however, not desirable in some products (Prentice and Neaves, 1988) . lt therefore seems timely to develop effective preservatives which specifically inhibit L monocytogenes.
Recently, purification and characterization of bacteriocins produced by LAB that inhibit undesirable organisms have received considerable attention (Tagg et al, 1976; Babel, 1977; Barefoot and Klaenhammer, 1984; Benkerroum and Sandine, 1988; Klaenhammer, 1988; Muriana and Klaenhammer, 1991; Piard and Desmazeaud, 1992; Piard et al, 1992) . Nisin, which is generally recognized as safe (GRAS), has received FDA approval in the USA for use in certain processed cheeses (DelvesBroughton, 1990) . Today, European countries employ nisin and nisin-producing starters for antimicrobial roles in food processing and fermentations. Although many non-spore-forming bacteria are sensitive to nisin, its industrial use is limited solely to the prevention of spore outgrowth of Clostridium botulinum in processed cheese and canned foods (Delves-Broughton, 1990) . Therefore, research for new efficient bacteriocins capable of eliminating or inhibiting the growth of Listeria strains has become a priority for the food industry. Bacteriocins produced by LAB in particular ensure the safety of foods, and display an inhibitory activity against pathogens when used in food products as food preservatives. Recent/y, Berry et al (1990) have observed that when fully processed meat frankfurters were inoculated with both L monocytogenes and Pediococcus aeidi/aetiei, a bacteriocin-producing strain, the growth of L monocytogenes was efficiently inhibited, although no reduction in cell numbers occurred. The identification of other bacteriocins with antilisterial activity shows great promise for controlling the growth of L monocytogenes in foods (Pucci et a1 988; Spelhaug and Harlander, 1989) .
Only a few investigators have reported the characterization of bacteriocins produced by Leuconostoc as compared with bacteriocins produced by other species of LAB (Hardings and Shaw, 1990; Daba et al, 1991; Hastings et al, 1991; Hastings and Stiles, 1991; Lewus et al, 1992) . Our previous investigation has shown that the bacteriocin mesenterocin 5,· secreted by the food-grade microorganism Leuconostoc mesenteroides, is proteinaceous and displays an antimicrobial activity against a number of undesirable Gram-positive bacteria, including Listeria, in a weil diffusion assay (Daba et al, 1991) . The growthassociated formation of organic acids by L mesenteroides may inhibit the growth of Listeria strains to some extent similar to the bacteriocin (Babel, 1977; Barefoot and Klaenhammer, . 1984; Daeschel, 1989) . The mechanism by which the bacteriocin controls the growth behavior of Listeria in suspension has not yet been studied. Therefore, it is important to separately and quantitatively characterize the inhibitory effects of mesenterocin 5 and organic acids on Listeria strains in foods.
The main objective of this study was to compare the inhibition pattern of organic acids and mesenterocin 5 produced by L mesenteroides on the growth of various pathogenic Listeria strains. We also deterrnined the effects of mesenterocin 5 and organic acids on the growth kinetics of the tested strains.
MATERIALS AND METHODS

Bacterial strains
The microorganism used for bacteriocin production was Leuconostoc mesenteroides UL5, isolated from local Cheddar cheese and maintained as a part of our strain collection (Daba et al, 1991 (1991) .
Culture media and conditions
L mesenteroides
was grown at 30 D C in MRS medium (56 gll, Institut Rosell, Montreal, Canada) , with the addition of 0.1% Tween 80. Listeria strains were grown at 30 D C in tryptic soy broth (30 gll, Difco Laboratories, Detroit, MI) with the addition of 6 9 yeast extractll (Difco). In sorne tests, Listeria strains were incubated in buffered (0.15 molli phosphate) TSB medium. This allowed the medium pH to be maintained at 6.75 when lactic or acetic acid was added to the medium to reach the maximal inhibitory concentration, while the pH of unbuffered medium decreased from 7.0 to~5.0 under these conditions. The buffered medium was also designed to minimize the effect of phosphate ions on the growth of Listeria strains. Agar media were prepared by adding 1.5% agar (Difco) to the above Iiquid media.
Production of mesenterocin 5
Twenty ml MRS medium was inoculated with 0.2 ml freshly-thawed L mesenteroides stock kept frozen at -SODC.For the production of mesenterocin 5, cultures were grown ovemight at 30°C in a rotary shaker (100 rpm). Unconcentrated ultrafiltered supematant obtained from a fresh culture exhibited an activity of 2 048 arbitrary units per ml (AU/ml) against L ivanovii 28 at 30°C for a culture period of 18 h, as described previously (Oaba et al, 1991) . A 10-ml volume of the ovemight culture was concentrated by using a YM membrane with 3 kOa cutoff (Amicon Corp, Oanvers, MA) in a 10-ml standard cell model (Amicon Corp) to a final vol of 2 ml, or 1 ml for the test shown in table IV. A pressure of 4 kglcm 2 was maintained using nitrogen gas. To eliminate the antilisterial effect of organic acids, the concentrated supematant was diafiltered with 8 or 9 ml of MRS medium (pH 7.0): The 2 ml of concentrated solution was finally adjusted to 10 ml with sterile TSB medium, and the 1 ml of concentrated sample to 1.25, 2.50, 5.00, and 10 ml (corresponding to 8 x C, 4 x C, 2 x C and 1 x C concentrations). These ultrafiltered-diafiltered supematants were immediately frozen at -80°C ovemight. When used, the frozen supematants were kept at -20 "C for 2 h, then at O°C for another 2 h, and were finally thawed at room temperature.
To test the possible inhibition of hydrogen peroxide, the following procedure, previously described by Piard et al (1990) was used: 1 ml unconcentrated ultrafiltered supematant of L mesenteroides strain and 1 ml filtrate obtained from supematant ultrafiltration were treated with catalase (Sigma, 7 080 Ulmg) diluted in potassium phosphate buffer (0.05 mol/l, pH 7.0) to a final concentration of 100 Ulml. The solutions were incubated at 37°C for 30 min and then assayed for bacteriocin activity using the critical dilution micromethod (Oaba et al, 1991) and cornpared to a control sample not treated with catalase.
Measurement of the specifie growth rate of Listeria strains
To determine the specifie growth rate of Listeria strains in the presence of mesenterocin 5 or organic acids, the following procedure was used: 9.9 ml TSB medium in test tubes (19 x 150 cm, Hycel Inc, Houston, TX) was first mixed with 0.4 ml Listeria culture diluted and standardized to an optical density (00) of 0.2 (corresponding to z 1 x 1OBcfu/ml) at a wavelength of 600 nm (Spectronic 20, Bausch and Lomb, Rochester, NY). Lactic acid (85%, w/v) and acetic acid (100%, w/v) were both diluted 10-and 100-fold with sterile TSB medium. An appropriate volume of lactic or acetic acid was withdrawn from the diluted acid solution and adjusted to 0.1 ml with sterile TSB medium. This preparation, or 0.1 ml thawed mesenterocin 5 solution from the ultrafiltered-diafiltered supematant (8 x C, 4 x C, 2 x C and 1 x C concentrations) stored at -aO°C, was added to the above Listeria suspension to afford the desired concentration (tables I-IV). The 00 600 of the mixed solution was measured at 30-min intervals during the exponential phase. The specifie growth rate of Listeria strains was determined from at least 5 points of the 00 600 measurement. The maximum specifie growth rate (lImax) was obtained by measuring the growth of the corresponding strains in the absence of mesenterocin 5 or organic acids. The experiment was performed in duplicate.
Cell concentration measurement
Total biomass was determined spectrophotometrically by measuring the 00 at a wavelength of 600 nm. Listeria viable cell numbers were estimated by dilution plating: 0.1-ml sampies were withdrawn from a test tube, diluted appropriately and then spread onto TSB agar plates in triplicate. Viable cell numbers of each sample were calculated from the average number of colonies on 3 Petri dishes and expressed as colony forming units (cfu) per ml medium.
Mode of action of mesenterocin 5 on Listeria strains
The determination of mesenterocin 5 mode of action on indicator Listeria strains was based on the method previously described by Barefoot and Klaenhammer (1984) , modified as follows: 0.1 ml ultrafiltered-diafiltered supematant containing mesenterocin 5 was added to a sterile test tube containing 9.9 ml of TSB medium. A OA-ml volume of ovemight Listeria culture diluted and standardized to an 00 600 of 0.2 was then added to the test tube to yield a cell concentration of z 1 x 10 7 elu/ml. 00 and viable cell concentration (cfu/ml) were measured at 30-min intervals during incubation at 30°C. Bactericidal or inhibitory effect on Listeria strains was determined directly bymeasuring the viable cell concentration during incubation. Reported data are the average from 2 separate experiments. Scott A3, and that the effect of lactic and acetic acids on the growth behavior of Listeria strains was similar (data not shown).
RESUL TS AND DISCUSSION
The MIC min and MIC max of lactic and acetic acids for several Listeria strains were determined (table 1) . Generally, the MIC max for a given strain was 5-17-fold higher than the MIC min for both acids. For the same strain, the MIC min of lactic acid was slightly lower th an that of acetic acid, but the MIC max of lactic acid was generally slightly higher th an that of acetic acid with the exception of L grayi. This indicates that the range of inhibition for lactic acid was slightly wider than that for acetic acid. In addition, the MIC min and MIC max of lactic and acetic acids were largely dependent upon the Listeria straln, showing that (0) (table Il) . The organic acids caused only a decrease in the specifie growth rate of a strain without significantly affecting the lag-phase (data not shown). As weil, increased acid concentration in the TSB medium resultee in a pH decrease from 7.0 to < 5.0 due -to the low buffering capacity of this medium. Therefore, the effect of organic acids on the specifie growth rate of Listeria may originate from both pH decrease and presence of acids.
The role of laetie and aeetie aeids in inhibiting the growth of Listeria strains
The inhibition of Listeria growth by lactic and acetic acids was examined using phosphate-buffered medium. The pH of the medium was reduced from 7.0 to 6.75 when 0.30% of lactic acid or 0.26% acetic acid was added. In unbuffered medium, however, these additions reduced the pH to '" 5.0. Comparison of growth rates in buffered medium (table III) to those in unbuffered medium (table Il) shows that the maximum specifie growth rate (Ilmax) was reduced by only "" 10%, indicating that the phosphate buffer itself had little influence on the specifie growth' rate. In the phosphate-buffered medium (table III) , the specifie growth rate for most strains was only slightly affected by increasing the lactic or acetic acid concentration (0.05 to 0.10%), and it decreased by only 2 to 27% even at concentrations as high as 0.26% for lactic acid and 0.30% for acetic acid, which are close or superior to the corresponding MIC max determined in unbuffered medium. The data show that acetic and lactic acid concentrations that were bacteriostatic in unbuffered medium were not bacteriostatic in buffered medium. These results suggest that the inhibitory activities of lactic and acetic acids were mainly due to the pH effect in the range of MIC min and MIC max • However, a significant decrease in the specifie growth rate of sorne strains was also observed in the buffered medium at concentrations of 0.45% for lactic and 0.50% for acetic acid, which largely exceed the MIC max of ail strains tested.
Our observation shows that the growth of Listeria strains may be only slightly affected by organic acids in buffered medium when pH is not changed. This may suggest that production of organic acids by lactic acid bacteria in relatively weil buffered medium may not provide good protection against the growth of Listeria. Moreover, Doyle et al (1987) have shown the survival of L monocytogenes in milk during high-temperature, short-time pasteurization. The survival of Listeria even under extreme conditions c1early demonstrates that the investigation of natural and more efficient food preservatives such as bacteriocins is needed.
The bacteriostatic effect of lactic and acetic acid on Listeria strains
To further determine the inhibitory activities of organic acids, the Listeria strains were incubated in TSB medium containing either acetic or lactic acid at concentra- tions exceOOingthe MIC max by 0.05%. The pH varied from 5.6 to 4.6 depending on the MIC max for the individual strains. Viable cell concentrations were rnonitored for 24 or 28 h. Figure 2 shows that the viable cell concentrations of ail strains decreased very Iittle after 12 h culture and remained at "" 10 7 cfu/ml. The data confirm that lactic and acetic acids can strongly inhibit the growth of Listeria strains, but that the inhibition by the acids is caused by a bacteriostatic rather than a bactericidal effect. Our results are also in agreement with those previously observed by Parish and Higgins (1989) , in which Listeria strains could survive at low pH. In fact, many investigations have revealed that environmental conditions, such as acidulants, pH, temperature, sodium chloride and nitrite can influence growth profiles or behavior of Listeria strains in foods (Conner et al, 1986; Doyle et al, 1987; Doyle, 1988; George et al, 1988; Daeschel, 1989; Farber et al, 1989) . Our study further indicates that the use of organic acids which display a bacteriostatic effect on Listeria may not be sufficient to prevent the growth of Listeria after an adaptation period, leading to a potential Listeria contamination in foods.
The effects of mesenterocin 5 on the growth kinetics of Listeria strains
The viability loss of Listeria strains in the presence of mesenterocin 5 was studied (fig 3) . Mesenterocin 5 exerted a bactericidal effect on 5 of the 6 strains tested during the first 2 h of culture in unbuffered TSB at pH 7.0, the exception being L monocytogenes Scott A3. As a result, the bactericidal effect 100 to a significant decrease in viable cell concentration by a factor of 10 to 1 000, even for an initial viable cell concentration as high as 10 7 cfu/ml. The cell concentration remained constant before it eventually increased (fig 4) . The growth of the 5 strains was delayed by the presence of mesenterocin 5 for a period of 2 to 14 h as compared to the controls without mesenterocin 5. The extended lagphase can be partly explained by the bactericidal effect of mesenterocin 5 and the resulting sharp decrease in viable ceU numbers in the medium, and by the longer adaptation to the new environment required for the affected Listeria strains. This effect of mesenterocin 5 was observed in ceUsuspensions at pH 7.0 and 30°C, conditions very favorable to the growth of Listeria strains. Therefore, it is expected that under other conditions, such as at pH 5.0, mesenterocin 5 will be even more efficient in eliminating or inhibiting Listeria strains since both the growth rate of Listeria strains is reduced and mesenterocin 5 activity is improved at this reduced pH (Daba et al, 1992) .
The mode of action of mesenterocin 5 on L monocytogenes
Scott A3 is inhibitory and bacteriostatic under the test conditions used, similar to the effect of organic acids in the range of MIC min and MIC max ' This bacteriostatic rather than bactericidal eftect. of rnesenterocln-ë.on Lmonocytogenes Scott A3 may be explained by the relatively low ratio of mesenterocin 5 concentration to L monocytogenes Scott A3 concentration. Mesenterocin 5 could, however, display a strong bactericidal effect on
L monocytogenes
Scott A3, largely depending on mesenterocin 5 concentration, indicator strain concentration and culture conditions in either TSB or milk (unpublished data). Table IV shows the relationship between the specifie growth rate of Listeria strains determined after the lag-phase and mesenterocin 5 concentration. L monocytogenes 1089 and L monocytogenes Scott A3 showed sensitivity to mesenterocin 5 concentration during the exponential phase, ie, their specifie growth rates decreased with an increase in mesenterocin 5 concentration. This characteristic made it possible to estimate mesenterocin 5 activity-ln culture -medium-by determining the· decrease in the specifie growth rate of the indicator strain L monocytogenes Scott A3 during exponential phase in a standardized test (unpublished results). L grayi 29 and L welshimeri 89 were much less affected by mesenterocin 5 concentration. InterestingIy, the extended lag-phase of 5 Listeria strains was little affected by the mesenterecin 5 concentrations (1 x C to 8 x C) used. Therefore, for each strain and medium, other mesenterocin 5 concentrations < 1 x C should be studied in order to determine the minimum mesenterocin 5 concentration without significantly affecting the extended lag-phase under the test conditions.
According to our results, it is unlikely that the acid concentration in the ultrafiltered-diafiltered mesenterocin 5 supernatant was sufficient to cause the extended • The reported results are average data Irom 2 experiments, SE 01 J.l was 0.04 (h-l) .
•• C correspond to mesenterocin 5 concentration in a mixed solution which contained 0.1 ml unconcentrated ultraliltered-dialiltered supernatant 01 L mesenteroides overnight culture (2 048 AU/ml) and 9.9 ml TSB medium with the addition 01 0.4 ml Listeria culture diluted and standardized to an OD 600 01 0.2 .
• Les résultats présentés sont la moyenne de 2 expérimentations. L'erreur type sur lag-phase or strong inhibition when Listeria strains were tested. In fact, we found that L mesenteroides produced 0.77% of lactic acid and 0.11% of acetic acid after overnight culture in unbuffered MRS medium at 30°C. Consequently, even when 0.1 ml of mesenterocin 5 untreated supernatant was added directly to 10.3 ml TSSListeria suspension, lactic and acetic acid concentrations during the test should have been only "" 0.007% and 0.001%, respectively. These acid concentrations are generally much lower than the MIC min under the test conditions used. The effect of hydrogen peroxide on inhibitory activity can be excluded by comparing the activities of sampies treated or not with catalase using the critical-dilution micromethod. The activity of hydrogen peroxide in the filtrate from ultrafiltered supernatant was . only 8 AU/ml. Moreover, bacteriocin activi- culture may be directly used to determine the effect of mesenterocin 5 on Listeria strains without interference from organic acids when using minimum or higher mesenterocin 5 concentration. To significantly extend the lag-phase of 10.3 ml of Listeria suspension with initial numbers of 10 7 du/ml, only 0.1 ml unconcentrated ultrafiltered-diafiltered supernatant from an overnight culture of L mesenteroides was required. This report indicates that the amount of mesenterocin 5 produced is sufficient to result in a significant inhibition in the Listeria strains, and that it is possible to produce mesenterocin 5 by a simple fermentation process with the selected L mesenteroides strain. 
